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Available online 3 August 2016AbstractThe hybrid grid was adopted and numerical prediction analysis of propeller unsteady bearing force considering free surface was performed
for mode and full-scale KCS hullepropellererudder system by employing RANS method and VOF model. In order to obtain the propeller
velocity under self-propulsion point, firstly, the numerical simulation for self-propulsion test of full-scale ship is carried out. The results show
that the scale effect of velocity at self-propulsion point and wake fraction is obvious. Then, the transient two-phase flow calculations are
performed for model and full-scale KCS hullepropellererudder systems. According to the monitoring data, it is found that the propeller un-
steady bearing force is fluctuating periodically over time and full-scale propeller's time-average value is smaller than model-scale's. The fre-
quency spectrum curves are also provided after fast Fourier transform. By analyzing the frequency spectrum data, it is easy to summarize that
each component of the propeller bearing force have the same fluctuation frequency and the peak in BFP is maximum. What's more, each
component of full-scale bearing force's fluctuation value is bigger than model-scale's except the bending moment coefficient about the Y-axis.
Copyright © 2016 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Propellers produce periodically varying exciting forces in the
three-way non-uniform wake field at the stern, which are
transferred to the hull by the shaft system and fluids, signifi-
cantly increasing the underwater noise and vibration of the hull.
The pressure transferred to hull surface by fluids is called
fluctuating pressure, on which extensive researches and calcu-
lations have been made by scholars all around the world (Huse,
1972; Duttweiler and Brennen, 2002; Huiping, 2009; Boswell
and Miller, 1968) and which has been demonstrated to be
heavily subject to propeller cavitation. The force transferred to
the hull by the shaft system is called bearing force, which in-
cludes six fluctuation components termed as thrust, vertical
force, horizontal force of fluctuation, and torque, vertical
bending moment and horizontal bending moment of fluctuation.* Corresponding author.
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ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Torque and bending moment are great contributors to blade
intensity while axial and side forces can cause intense vibration
and noise to the hull (Merz et al., 2009). Nevertheless, the
complex coupling between the propeller and rudder working at
the stern as well as the limited magnitude of propeller-induced
unsteady bearing force has challenged both theoretical calcu-
lation and test measurement. As such, predicting and analyzing
propeller unsteady bearing force at the stern using numerical
processes is nonetheless an effective method.
In most cases, research of propeller unsteady bearing force
are targeted at submarines (Wei and Wang, 2013; Jingming et al.,
2003), while few intensive studies have been reported on pro-
peller unsteady bearing force of surface vessels. People like
Yanshou and Wei (2006); Xiong et al. (2002) calculated the
bearing forces of conventional and unconventional propellers
using theoretical and empirical processes and discovered that
quasi-steady method can be widely applied to the bearing force
calculation of conventional propellers, while theoretical methods
like lifting surface or panel method are more suitable for highly-hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
Table 1
Main parameters of KCS ship and KP505 propeller.
KCS container ship KP505 propeller
LPP (m) 230.0 Diameter (m) 7.9
Draught (m) 10.8 No. of blades 5
Wetted surface (m2) 9424 Boss ratio 0.167
Reynolds no. 2.39  109 Area ratio 0.7
Table 2
Working conditions introduction.
No. Description Velocity
(m/s)
Reynolds
no.
Propeller velocity
(rpm)
No. of
grids
Calculation
method
No. of CPUs
in parallel
1 Model-scale bare hull
resistance calculation
2.196 1.4  107 e 3.75 M & 5.32 M Steady VOF 96-core
2 Model-scale unsteady
bearing force calculation
570 Transient VOF
3 Full-scale bare hull
resistance calculation
12.346 2.39  109 e 15.63 M & 22.40 M Steady VOF 192-core
4 Full-scale self-propulsion
test simulation
89, 95, 101,107 & 113 Steady VOF
5 Full-scale unsteady bearing
force calculation
107.3 Transient VOF
590 C. Wang et al. / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 589e601skewed or other unconventional propellers. Ruxing et al. (2014)
calculated propeller unsteady bearing force by using perturbation
potential panel method and achieved satisfactory accuracy than
the test results. Wang (2004) examined the propeller exciting
force variation under axial wake flow and provided an analysis
approach for numerically calculation of propeller exciting force.
Overall, there are some shortfalls in the calculation and research
of propeller unsteady bearing force so far: (a) Most of the studies
are performed by simulating axial wake flow, ignoring radial and
axial wake flows; (b) Most of the calculations do not include for
the effect of free surface and the propellererudder disturbance
and the calculation conditions are too ideal; (c) The study objects
are all model-scale propeller without paying enough attention to
the contribution of scale effect. Obviously, it is highly necessary
and practically significant to perform full-scale numerical pre-
diction studies on propeller bearing force for a full-scale “hull-
epropellererudder” system while considering the free surface.
In our study, a KCS ship and a KP505 propeller are used as
the study objects. A numerical pool model is established on
Fluent software. First, transient two-phase flow calculation is
conducted on the model “hullepropellererudder” system
under self-propulsion to obtain the model-scale propeller un-
steady bearing force. Next, full-scale simulation is carried out
under self-propulsion to determine the self-propulsion point of
the ship. With the results, the full-scale propeller unsteady
bearing force is calculated and compared with the calculation
results of the model. The full-scale and model flow fields and
wave patterns are identified. Systematic analysis is also per-
formed on the time and frequency domains of bearing force
and its scale effects.2. Mathematic base2.1. Control equation and turbulence modelFluid flow is governed by physical conservation laws. Basic
conservation laws include law of conservation of mass, law of
conservation of momentum and law of conservation of energy. As
the medium in our calculation, water, is an incompressible fluid
whose heat exchange is little enough to ignore, only the mass
conservation equation and the momentum conservation equation
are solved. Detailed formulae are given in literature (Karim et al.,
2014). The turbulence model for our calculation is an SST model
frequently used in calculating propeller hydrodynamic perfor-
mance. This model effectively integrates the merits of both keε
and keu models and can well simulate complex flows in the
presence of flow separation and strong adverse pressure gradients.2.2. VOF modelThe essential of Volume of Fluid (VOF) (Zhanzhi, 2014)
method is to determine the free surface by investigating the
fluid-grid volume fraction function in the grid cells and trace the
variation of the fluid rather than the particle movement on the
free surface. As long as the value of the function on each grid of
the flow field is known, the movement interface can be traced.
The entire computational domain is defined asU; the main-
phase fluid domain is defined asU1; the secondary-phase fluid
domain is defined asU2. VOF defines such a function:
uð x!; tÞ ¼

1; x!2U1
0; x!2U2 ð1Þ
Fig. 1. Selection of computational domain and setting of boundary condition.
Fig. 2. Computational grid for numerical self-propulsion KCS ship.
Fig. 3. Results of full-scale self-propulsion test.
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fluids, the velocity field of the fluids is recorded as
V
!¼ ðu; vÞ. The functionu conforms to:
vu
vt
þ uvu
vx
þ vvu
vy
¼ 0 ð2Þ
On each gridIij, the integer of uð x!; tÞ on the grid is defined
asCij. We get the VOP function:
Cij ¼ 1
DVij
Z
Iij
uð x!; tÞdV ð3Þ
The VOF function also conforms to the Eq. (2):
vC
vt
þ uvC
vx
þ vvC
vy
¼ 0 ð4Þ
Obviously, when C ¼ 0, the fluids in the grids are all
secondary-phase fluids; when C ¼ 1, the grids are filled with
main-phase fluids; when 0 < C < 1, the grids containing fluid
interfaces become interface grids.
Table 3
Prediction results of the propulsion performance of full-scale ship.
103Ct 10
3CSPt KT 10KQ N(rpm) J 1wm 1tm
Full-scale calculation 2.306 2.783 0.161 0.275 107.3 0.755 0.863 0.829
Literature (Rui et al., 2009) calculation 2.334 2.773 0.166 0.261 103.3 0.714 0.793 0.842
Test conversion 2.221 e 0.17 0.288 101.4 0.728 0.792 0.853
Error þ3.83% e 5.29% 4.51% þ5.82% þ3.71% þ8.96% 2.81%
592 C. Wang et al. / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 589e6013. Calculation modeling3.1. Calculation objectOur study object is a KCS container ship, modeled at the
reduced scale of 31.6. The propeller that goes with the ship is a
KP505 propeller. The full-scale parameters are given in Table 1.3.2. Calculation conditionsOur calculation conditions include a model-scale and a full-
scale. The calculation conditions on model-scale include bare
hull resistance and unsteady bearing force on the integrated
hullepropellererudder system. The calculation conditions on
full-scale are roughly the same as the models', but full-scale
calculation involves more conditions than model-scale as the
hull resistance and propeller thrust under a number of veloc-
ities have to be calculated. More details are given in Table 2.
To verify the numerical results we consider 2 grids level
showing in Table 2. The equilibrium point (rpm ¼ 570, Table
2) at self-propulsion is achieved from the model test data at
model scale. In order to compare with the test data, we
consider only one propeller rpm regime.3.3. Establishment of computational domain and setting
of computational parametersThe flow field computational domain is: the inlet is 1LPP
from the bow; the outlet is 2LPP from the stern; the side and the
bottom are both 1LPP from the hull surface as illustrated in
Fig. 1. The inlet includes an air velocity inlet and a water ve-
locity inlet, which are identical. The outlet is set as a pressureFig. 4. Comparison of full-scale and model-scale nondimensional aoutlet using the User Defined Function (UDF) of Fluent. The
vertical pressure of the outlet varies according to Eq. (5).
p¼

p0 z T
p0þ r*g*ðz TÞ z<T ð5Þ
Here, p0 is an atmospheric pressure; r is the density of
water; g is the gravitational acceleration; z is the vertical co-
ordinate; T is the draught. The upper boundary of the flow
domain is defined as a symmetry plane; the surface, side and
bottom of the hull are all defined as a nonslip wall. MRF
method is used for the steady calculation of propeller rotation
movement and slide mesh method is used for the transient
calculation. The time step is taken asDtm ¼ 0.0001 s for
model-scale calculation and Dts ¼ 0.0004 s for full-scale
calculation. VOF method is used to trace the free surface.
SIMPLEC method is used for pressureevelocity coupled
iteration.3.4. Grid divisionIn our calculation, hybrid grids are used. The entire grid
division is performed on ICEM. As the large stern curvature of
contraction makes it difficult to divide structured grids, a small
part of the flow domain at the stern is divided into non-
structured grids to save grid division. All the rest of the
ship, including the propeller, is divided into hexahedron
structured grids. The structured grids are connected to the non-
structured grids by interface. Information is transferred in the
flow field by interface interpolations.
In numerical calculation, the model-scale has the same grid
topology as the full-scale. The hull surface grids are shown inxial velocity at 0.3 diameters upstream of the propeller plane.
Fig. 5. Comparison of full-scale and model-scale non-dimensional axial velocity at propeller plane.
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layer of grids and the number of grid nodes in the three di-
rections. Generally, it is suitable to limit the model-scale Yþ
to the recommended 60 or so, corresponding to which the
thickness of the first layer of grids is 0.8~1 mm. As for the
controllable range of full-scale Yþ, few literatures are avail-
able for reference, but we came to know that it is suitable to
rate the Yþ value to around 300 after extensive calculations
and literatures (Castro et al., 2011), corresponding to which
the thickness of the first layer of grids is 1~2 mm. The
thickness of the first layer of grids in the structured part can be
defined directly with parameters, while that of the non-
structured part at the stern has to be determined by adding
layers of prism grids, as shown in Fig. 2(b). Details of the
propeller grids are illustrated in Fig. 2(c). Another noticeable
thing is that, when dividing computational grids, more grids
should be given to the bow and stern of the hull where flow
field varies dramatically. To better capture the free surface,
more grid nodes have to be given near the free surface to
provide higher grid resolution.4. Calculation result analysis4.1. Calculation result analysis of full-scale self-
propulsion simulationTo calculate propeller unsteady bearing force on full-scale,
it is necessary to first obtain the self-propulsion point of the
full-scale ship. As the Reynolds number of a full-scale ship is
much different from that of a model under the 24-knot ve-
locity, which causes changes in the self-propulsion point with
the increase of the scale, it is impossible to convert the full-
scale self-propulsion point from the model-scale test result.
In our study, the full-scale self-propulsion point is repredicted
using equal rotational speed of propeller variable similar to
model test. As friction resistance correction is not included for
in full-scale calculation, the propeller velocity at self-
propulsion point can be determined when the propeller-
produced thrust is counterbalanced with the full-scale resis-
tance. When VS ¼ 12.346 m/s, the full-scale self-propulsion
test curves are shown in Fig. 3.
Fig. 6. Comparison of free surface nondimensional wave contour.
Fig. 7. Comparison of full-scale and model-scale free surface wave pattern.
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by interpolation using the “thrust identify method”. The
calculation results are given in Table 3. In this table, Ct is the
total resistance coefficient of bare hull; CSPt is the total resis-
tance coefficient of the integrated hullepropellererudder
system under self-propulsion; wm is the wake fraction; tm is thethrust deduction fraction. Values in the table demonstrate good
agreement of our calculations with the literature (Rui et al.,
2009) calculations and the test conversion results; It may
causes a certain error between this article and literature (Rui
et al., 2009) in propulsion factor because of the calculation
model in literature (Rui et al., 2009) without rudder. the
Fig. 8. Single blade's Cd and Cm fluctuation curves during one revolution.
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calculations and the model test equivalents are the velocity
and wake faction at the self-propulsion point, the error being
þ5.82% and þ8.96%. The reason is that the wake fraction of
the full-scale ship is smaller than that of the model. Hence it is
not unexpected that the velocity of the full-scale ship at the
self-propulsion point is larger than the equivalent of the model.4.2. Calculation result analysis on flow field and free
surface wave patternsThe intensity level of propeller unsteady bearing force is
directly decided by the uniform level of the wake field. Among
the three component non-uniform wake flows, axial wake flow
takes the overwhelming position. Fig. 4 compares the non-
dimensional axial velocities of the full-scale and model-scale
self-propulsion at 0.3-fold diameter upstream the propeller
plane. The red circle indicates the locus of the propeller tip.
The arrow points the rotation direction of the propeller. From
the Fig, as the rightward rotation of the propeller drives the
water current to flow at higher velocity from the starboard
side, the axial velocity at the starboard side is larger than that
at the larboard side. Also, as the wake effect of the hull is most
intense at the center buttock, the axial inflow velocity becomes
the smallest. It can be inferred that this will be the point where
the propeller blades produces the maximum thrust and torque.
Furthermore, as the full-scale ship has a larger Reynoldsnumber and its boundary layer is thinner, the scale effect of the
wake field is very significant. It can be observed that the non-
dimensional axial velocity contour of the full-scale ship con-
tracts badly toward the center buttock of the hull, and the
inflow velocity at the propeller plane is far higher than that of
the model. The non-dimensional velocity contour of the full-
scale ship ranges 0.7e0.95. That of the model ranges
0.6e0.9 for the major part and 0.9e0.95 for a minor part.
Obviously, though the model has a larger wake fraction than
the full-scale ship on the whole, in the high wake region, the
full-scale ship has more obvious wake gradient than the
model. It can be inferred that the unsteady axial fluctuating
force of full-scale could be larger than that of the model, and is
therefore more likely to cause vibration to the hull.
Fig. 5 compares the non-dimensional axial velocities of the
full-scale and model-scale self-propulsion at propeller plane. It
can be observed that the wake flow of the full scale ship is
quite different from the models'. The boundary layer of full
scale ship is thinner and the non-dimensional axial velocity of
the full-scale ship contracts badly toward the center buttock of
the hull. The circumferential variation at different diameter is
shown in Fig. 5(b) and (c), and it can be clearly detected that
the propeller's inlet velocity of full scale ship is greater than
that of the ship model.
Fig. 6 compares the calculated free surface wave pattern
with the test result wave pattern. Comparing Fig. 6(a) and (b),
we can see that the self-propulsion calculations well agree
Fig. 9. The time domain and frequency domain fluctuation curves of propeller thrust and side forces.
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to each other and the peak and valley points are consistent,
especially at the bow. Obviously, our CFD calculations have
captured the free surface satisfactorily. The main difference
between the two, however, lies in the stern wave pattern. This
is contributed by the presence of the stern propeller when
calculating the self-propulsion of the model, and the quick
dissipation of stern waves due to the fairly sparse grids of the
stern area away from the hull in order to achieve higher
calculation efficiency. Besides, comparing Fig. 6(b) and (c),
we can see that the wave pattern of the free surface does not
display obvious scale effect, which concurs with the assump-
tion that the wave-making resistance is only related to the
Froude number. However, there is also some divergence be-
tween the two in the stern wave pattern. The stern wave
pattern of the full-scale ship is more diverse than that of the
model, and its wave pattern tends to move backward as a
whole. The principal reason is that the boundary layer of the
full-scale ship is thinner and its wake velocity is faster, as is
more directly demonstrated from the near-distance view of the
stern waves in Fig. 7. The full-scale ship has faster wake flow
and its stern transom plate is not soaked in water while that of
the model is partly (green part) wetted, meaning that the full-
scale ship would be subject to greater wave-making resistance
than the model.4.3. Calculation result analysis on unsteady bearing
force of propeller
4.3.1. Single-blade fluctuating thrust and torque of
propeller
As each of the blades of the propeller is within a continu-
ously varying wake field during its revolution, the thrust and
torque on individual blades also vary continuously within each
rotation cycle. To better investigate this variation, one of the five
blades is randomly as the observation object. The variation
curves of the single-blade thrust and torque coefficients within a
rotation cycle are plotted as shown in Fig. 8(b) and (c). The
thrust and torque coefficients are calculated according to Eq. (6).
KT ¼ T
rn2D4
KQ ¼ Q
rn2D5
ð6Þ
Here, T is the propeller thrust; Q is the propeller torque; r is
the density of water, taken as 998.2 kg/m3; n is the propellerTable 4
Peak value of propeller thrust and side forces.
Type e BPF 2BPF 3BPF Time average
Thrust coef.105 Model-scale 158 9.17 8.54 16,400
Full-scale 233 8.03 4.69 15,964
Vertical force coef.105 Model-scale 108 7.18 16.80 1846
Full-scale 146 4.36 0.00 1550
Horizontal force coef.105 Model-scale 147 8.42 5.33 805
Full-scale 166 6.03 1.54 520velocity; D is the propeller diameter; when the blade is right
above, the angle is defined as 0, as shown in Fig. 8(a).
Comparing the model-scale results with the full-scale re-
sults in Fig. 8, we get the following rules:
(1) For both the model and the full-scale ship, the maximum
single-blade thrust and torque appear at 0while the min-
imums appear at approximately 250, suggesting that the
wake flow is the most intense right above the propeller;
when the blade is close to 0, the forward speed reduces,
the blade attack angle increases and the thrust produced is
consequently greater. In the meantime, within the
70e130 interval, the blade thrust and torque variations
are relatively stable, implying that the forward flow in this
interval is relative uniform. After 150, the blade quickly
comes into a low-wake region, where its thrust and torque
decline steeply until it rotates to nearby 260and comes
into a high-wake region again where its thrust and torque
increase accordingly. This agrees with our flow field
analysis in Fig. 4 and also roughly concurs with the rules
concluded in literature (Rui et al., 2009);
(2) In Fig. 8(b), the fluctuations of single-blade thrust co-
efficients are consistent between the full-scale ship and the
model except that, as the wake fraction of the full-scale
ship is slightly smaller, the average thrust coefficient of
the full-scale ship within a cycle is approximately 7%
smaller than that of the model. Besides, in terms of the
fluctuation of single-blade thrust coefficient, the full-scale
ship is smaller than the model. This is because the peak
wake fraction of the full-scale ship is smaller than that of
the model during one revolution of the blade, which causes
a larger difference between the maximum and the mini-
mum single-blade loads of the model; while the fluctuation
level of propeller unsteady bearing force is not only
decided by the wake fraction peak of propeller plane, but
are more importantly decided by the overall non-uniform
level of the wake field. Referring to Fig. 4, we can see
that the velocity contour in the high-wake region at the
full-scale propeller plane contracts heavily inwards,
causing even greater wake variation to the full-scale blade
within the same angle of rotation. This implies that the
full-scale ship has an even more non-uniform wake field
than the model, which could cause the bearing force
fluctuation level of the full-scale ship to be larger than that
of the model. In a word, the fluctuation of single blade is
mainly affected by the maximum and minimum values of
the flow in a rotation cycle, while the total thrust is related
to the uniformity of the flow in a rotation cycle. As a
result, the fluctuation of the single blade appears lower
than model scale from Fig. 8(b), a trend that shows
opposite when considering the total thrust;
(3) In Fig. 8(c), the variations of single-blade torque co-
efficients over time are similar with thrust coefficients
between the full-scale ship and the model, except that,
within one rotation cycle, the single-blade torque coeffi-
cient of the model is always larger than that of the model,
suggesting that the scale effect has greater influence on
Fig. 10. The time domain and frequency domain fluctuation curves of propeller torque and bending moments.
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Table 5
Peak value of propeller torque and bending moments.
Type e BPF 2BPF 3BPF Time average
Torque coef.*10105 Model-scale 225 14.33 11.10 29,069
Full-scale 310 12.60 7.16 26,630
Bending moment coef.
about Y-axis*10105
Model-scale 661 44.30 42.60 7623
Full-scale 659 13.72 7.237 6360
Bending moment coef.
about X-axis*10105
Model-scale 1294 55.40 17.96 7147
Full-scale 1434 19.80 18.80 4471
599C. Wang et al. / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 589e601torque than thrust. It is mainly because torque is related to
viscous effects. Obviously the Reynolds number of full-
scale is greater than model-scale, therefore, single-blade
load of the model-scale propeller is heavier than that of
the full-scale propeller.4.3.2. Propeller unsteady thrust and side force
When calculation becomes stable, the thrusts and side
forces of the full-scale ship and of the model within approx-
imately 2.5 cycles are recorded and plotted into time domain
curves, from which the corresponding frequency domain
curves are obtained by fast Fourier transform (FFT) as shown
in Fig. 9. To facilitate comparison between the full-scale ship
and the model, the thrusts and side forces are all non-
dimensionalized according to Eq. (6). From the time domain
curves, the thrust and side force fluctuate periodically over
time; the time-averaged side force is smaller than the time-
averaged thrust, and within side forces, the time-averaged
vertical force is larger than the time-averaged horizontal
force. Besides, the time-averaged thrust and side force co-
efficients of the full-scale ship are both smaller than the
model. From the frequency domain curves, the propeller thrust
and side force have the same fluctuation frequency; peaks
appear at the blade frequency (BPF) (47.5 Hz for the model
and 8.9 Hz for the full-scale ship) and its integral multiples,
with the peak being the largest at the BPF and quickly
attenuating afterwards. After 3BPF, these forces can be
ignored.
To facilitate observation, the time averages and the
BPF~3BPF peak values in the frequency domain curves are
listed in Table 4. Comparing these values, we can find out the
following rules.Fig. 11. The axial flow field with diff(1) Thrust has the largest fluctuation, followed by horizontal
force. Vertical force has the smallest fluctuation. Side
force has equivalent magnitude of fluctuation to thrust
and is not ignorable. This is mainly because in non-
uniform flow field, the blades are not subject to equal
load and the component in the yz direction cannot be
balanced. That is why considerable fluctuation compo-
nent is produced by vertical and horizontal forces though
their time averages are not very large. This agrees with
the conclusion made by literature (Wang, 2004). As
excess vertical and horizontal fluctuating force compo-
nents could cause horizontal and vertical vibration to the
shaft system and the hull, they deserve more attention
from designers;
(2) The thrust and side force fluctuations of the full-scale ship
are both larger than those of the model. As analyzed in
Section 3.2, this is mainly because the wake field of the
full-scale ship is not as uniform as that of the model. A test
study of SSSRI (Rui et al., 2010) also noted that the
propeller-induced fluctuating pressure in the wake field of
a full-scale ship is larger, and can be about 35% larger at
the maximum, suggesting that the vibration and noise in-
tensities of the model are lower than those of the full-scale
ship. As such, to guarantee the vibration and noise per-
formances of the full-scale ship, some allowance should be
made when designing propellers based on model test
results.4.3.3. Propeller unsteady torque and bending moment
The propeller torques and bending moments are also non-
dimensionalized according to Eq. (6) and FFT transformed. The
resulting time and frequency domain curves are shown in
Fig. 10, from which we can see that the moment and force
variations are consistent: they also vary periodically over time
and have the same fluctuation frequency, displaying different
levels of peak at each of the BPFs of the propeller. In the same
way, to facilitate observation, the time averages of the torque
and bending moment and the BPF~3BPF peak values in the
frequency domain curves are listed in Table 5, from which we
can see that, though the time-averaged bending moment is far
smaller than the time-averaged torque, its fluctuation is far
larger than that of the torque, with the bending momenterent order harmonic component.
600 C. Wang et al. / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 589e601fluctuation about X-axis being the largest, followed by the
bending moment about Y-axis. Comparing the values between
the full-scale ship and the model, the time-averaged bending
moment and torque coefficients of the model are both larger
than those of the full-scale ship, suggesting that the model-scale
propeller is subject to heavier load. In terms of fluctuation level,
the torque coefficient and bending moment coefficient about X-
axis of the full-scale ship are both larger than those of the
model, while little difference is observed in the fluctuation level
of the bending moment coefficient about Y-axis. Overall, the
full-scale propeller is more sensitive to intensity.
4.3.4. The harmonics analysis of wake flow
Fig. 11 shows the harmonic component of axial flow field
with different order at full scale and model scale. According
to the literature (Yousheng and Guoqiang, 1984), the fluc-
tuation peak values of propeller thrust, torque and tangential
force are associated with (kZ) harmony component of wake,
while the horizontal force, vertical force, horizontal
bending moment and vertical bending moment of propeller
depend on the (kZ1) and (kZþ1) harmonics of wake. The
sign of the 5th-order harmonic component along the radial
is changed at full scale, while the model scale did not
change. As a result, the normal velocity phase hardly
changes at model scale, which leads to the propeller thrust
and the side force fluctuation peak of model scale lower
than full scale. The sign of the 4th-order and 6th-order
harmonic components along the radial are changed at model
scale, while the full scale did not change, which leads to the
propeller horizontal force, vertical force, horizontal bending
moment and vertical bending moment of full scale lower
than model scale.
5. Conclusions
Using KCS ship and KP505 propeller as the models, and
including for the effect of free surface, model-scale and full-
scale numerical prediction is performed on propeller exciting
force for the hullepropellererudder system. The resulting
conclusions are:
(1) By simulating full-scale self-propulsion, we discover that,
subject to scale effect, the full-scale ship has a smaller
wake fraction than the model and has a larger self-
propulsion velocity than the equivalent value of the model;
(2) From the propeller upstream axial velocity contour, the
full-scale ship has faster propeller plane forward velocity
than the model, and in the high-wake region, the full-scale
ship has more obvious wake gradient than the model. The
scale effect between the full-scale ship and the model is
not obvious with respect to free surface wave pattern. The
difference is mainly reflected in the stern wave pattern: the
stern wave pattern of the full-scale ship is more diverse
and tends to move backward as a whole. The main reason
is that the boundary layer of the full-scale ship is thinner,
and the stern current velocity of the full-scale ship is
faster;(3) The maximum single-blade thrust and torque of both the
full-scale ship and the model appear at 0, and the mini-
mums appear at approximately 250; The single-blade
thrust fluctuation of the full-scale ship is smaller than
that of the model, and the full-scale blade is subject to
lighter load than the model;
(4) For both the full-scale and the model-scale propellers, the
unsteady bearing force components vary periodically over
time and have the same fluctuation frequency. Both
display different levels of peak at the integral multiples of
BPF, with the peak being the largest at the BPF and
attenuating gradually afterwards;
(5) The time-averaged propeller side force and bending
moment are smaller than the time-averaged thrust and
torque, but the side force fluctuation is equivalent to the
thrust fluctuation, and the bending moment fluctuation is
even far larger than torque fluctuation. Besides, the time-
averaged propeller unsteady bearing force components of
the full-scale ship are all smaller than those of the model.
But its fluctuations of components are all larger than those
of the model except only for the fluctuation of the bending
moment coefficient about Y-axis that is not much different
from that of the model.
Our calculation conditions only include direct sailing in
calm water. Subsequent research will be based on these find-
ings and investigate the propeller unsteady bearing force in
oblique flows and waves.
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